Lipid peroxidation has been identified as a deleterious consequence of contusive spinal cord trauma and of thermal injury. The L3-L6 spinal cord segment was thermally injured using a radiofrequency heating chamber mounted on the vertebral column of anesthetized rats. Hind limb function was assessed 2 hours later. A bolus of methylprednisolone (MP, 30 mg/kg) was then given intraven ously, followed by 5.4 mgjkg/hr MP for 6 or 24 hours. Cord water content and regional spinal cord blood flow (RSCBF, ! 4 C-butanol distribution) were measured at seven cord levels after function had been reassessed following treatment. Untreated rats were given vehicle. The study was randomized and blinded. Results: Edema in heated segments was progressive over 24 hours, but was the same in treated vs untreated rats. RSCBF in heated segments was the same in treated vs uninjured controls at 6 and 24 hours. In untreated rats, RSCBF in the heated segment was elevated by 30% at 6 hours, but was the same as uninjured control by 24 hours. In the unheated segments of untreated rats, RSCBF was elevated at 24 hours. At 24 hours, RSCBF was lower in treated vs untreated rats at all levels, including the heated one. Limb function deteriorated equivalently in both groups. Conclusion: MP obviated the early rise in RSCBF in heated segments and the elevations in RSCBF in uninjured segments, but had no effect on cord edema or on limb function.
Introduction
Glucocorticoids have been used clinically to treat acute spinal cord syndromes of diverse etiology, including trauma. Experimentally, there is evidence that glucocorticoids in appropriate dose are beneficial, at least in some of those circumstances.1, 2 A recent clinical trial showed that patients with spinal cord injury had improved function provided they were treated with methylprednisolone (MP) in appropriate dose for 23 hours beginning within 8 hours of injury. 3 The mechanisms of the protective action of glucocorticoids in injured or abnormal neural tissues are presently incompletely understood. Prominent among those mech anisms suggested by the experimental evid-ence is an effect on regional blood flow that may be mediated either directly, by altering vascular tone; or indirectly, for example, by reducing the local generation of vasoactive substances. 4 Another mechanism, the re duction of edema, is less widely favored than it was previously, based on recent experimental evidence. 5, 6 At the molecular level, considerable evidence suggests that local tissue lipid peroxidation is an important injurious con sequence of spinal cord contusion. 7, 8 Methylprednisolone may be beneficial in cord injuri because of its antioxidant properties. , 9 Lipid peroxidation also occurs locally immediately after burn injury; and antioxidant therapy has benefit in experi mental burns.lO,l1 A model of cord injury which does not mechanically disrupt blood vessels or axons would therefore be poten tially advantageous for the study of those secondary phenomena which are shared by both contusive and thermal tissue injury mechanisms.
In these experiments, we examined the short term effects of high dose MP on regional spinal cord blood flow (RSCBF) and on segmental cord edema formation in rats in which a short segment of the lumbar spinal cord had been heated briefly by the passage of radiofrequency (RF) current. The short-term functional neurological status of the hind limb was assessed during the first 24 hours after injury using two clinical scoring systems previously re ported.
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Materials and methods
Induction of spinal cord injury
Male Sprague-Dawley rats weighing from 323 to 480 g were used. Fluothane 1.5% inhalation anesthesia was administered after intraperitoneal pretreatment with lactated Ringer's solution, 20 ml/kg, and 0.004 mg/kg atropine subcutaneously. The fur was clipped from the lower belly wall, around the neck and from the upper pos terior torso. A cystostomy was made through a small suprapubic incision using a Silastic catheter (0.085 in OD, Dow Corn ing) to prevent bladder overdistention and hemorrhage. A plastic Vialon catheter (1.1 mm OD, Deseret Medical) was inserted into the left jugular vein through a short cervical incision.
Through a short dorsal incision, the T12-L2 spinous, accessory, mammillary (or lateral) and transverse processes were exposed by dissecting the surrounding muscles. A 1 mm laminectomy was per formed at T12 using a power drill with a burr bit. The intact dura was carefully depressed from the bone by blunt dissection and a 0.225 mm diameter thermocouple microprobe (IT-23 , Sensortek, Inc, time constant 0,005 second) was inserted through the laminectomy into the epidural space and advanced caudally so that its tip was at the T13-L1 vertebral interspace. The micro probe was connected to a digital thermo meter (BAT-8, Bailey Instrument Co).
A U -shaped clear plastic chamber, the parallel limbs of which were 15 mm apart, Paraplegia 31 (1993) [417] [418] [419] [420] [421] [422] [423] [424] [425] [426] [427] [428] [429] tabricated to contain 8 x 5 mm copper elec trodes wired to a RF generator (Henry Company, Model lOOD) was inverted and positioned over the exposed spinal column at the T12-L1 level. The chamber, posi tioned within the cavity created by the muscle dissection, was filled with lactated Ringer's solution warmed to 37°C.
Radiofrequency current (2 MHz) was then passed through the 5 mm in length segment of spinal column and spinal cord contained within the electrodes by manip ulating the power output of the RF gener ator. The desired temperature within the spinal canal (47°C) was reached within 40-80 seconds. Temperatures were recorded at 20-second intervals. The temperature within the heated segment was maintained for 10 minutes, after which the wound was irrig ated with room temperature lactated Ring er's solution. The chamber was then re moved, the position of the thermocouple microprobe confirmed and the wound sutured. The fluothane anesthesia was dis continued.
Randomization of treatments
Provided that the hind limb neurological function 2 hours following injury was appre ciably impaired, as evident from a neuro logical impairment score (NIS, see below) of between 6 and 12, the rats were randomly assigned by lottery to one of the control or treatment groups. Approximately 50% of rats were sacrificed at this stage by pento barbital overdose because they did not meet this criterion. Test rats, individually caged, were treated with intravenous MP sodium succinate in lactated Ringer's solution beginning 2 hours after injury with a bolus injection of 30 mgjkg of a solution contain ing 2 mg/ml. In rats randomized for study at 24 hours, a continuous infusion of MP (3 mg/ml) at the rate of 5.4 mg/kg/hr was instituted 1 hour later using a syringe pump (Model 355, Sage Instruments). In rats randomized for study at 6 hours, a second bolus of MP, 16.2 mgjkg was given 1 hour later (5.4 mg/kg x 3 hr). Control rats were given equivalent volumes of lactated Ring er's solution. All infusions were continued until further studies were performed. Rats studied after 24 hours were given the MP through the jugular venous catheter, which was tunnelled to exit the skin at the nape of the neck and attached to a swivel/spring device to prevent dislodgement.
Additional controls
In 12 other rats, measurements of spinal cord water content (n = 6) and of RSCBF (n = 6) were performed 2 hours following laminectomy alone and after a normal neurological status had been verified. These rats served as uninjured controls (group 1). The same two measurements were also done in 12 rats that had undergone cord injury 2 hours previously and whose neurological scores using the NIS were also within the range 6-12 (group 2). This group was included to determine a pretreatment base line for comparison to data obtained later following injury.
Measurements at 6 or 24 hours
The rats were anesthetized with a single intraperitoneal injection of pentobarbital, 50 mg/kg, following pretreatment with 0.004 mg/kg atropine subcutaneously and 10 ml/kg of lactated Ringer's solution intra venously.
Through small cervical and femoral inci sions, plastic Vialon catheters were inserted into the right carotid artery and the right jugular vein (1.1 mm OD) and the left femoral artery (0.7 mm OD). The carotid catheter tip was in the ascending aorta, that of the jugular catheter at the superior vena cava, that of the femoral catheter at the external iliac artery. Mean arterial blood pressure (MAP) was measured by connect ing the femoral catheter to a Statham 23 ID transducer positioned at heart level and a Tektronix Model #414 pressure monitor. Arterial blood PaOz, PaC0 2 and pH were determined immediately prior to the per formance of blood flow measurements using an Instrumentation Laboratory System 1301 blood gas analyzer. Rectal temperature was monitored and maintained near 37°C using either a heating blanket or an infrared lamp. The interval between pentobarbital administration and the subsequent measureExperimental spinal cord injury 419 ment of either RSCBF or of spinal cord water content was controlled.
Regional blood flow
Regional blood flow in various levels of the spinal cord was measured using the 14C_ butanol 'indicator-fractionation' method we have described previouslyY Twenty-five j.LCi of 14C-butanol were rapidly injected (less than 1 second) through the jugular catheter 5 seconds after a constant rate of arterial hemorrhage had been visually veri fied from the previously declamped femoral catheter. Fifteen seconds after the indicator had been injected, 1.0 ml of cyanoacrylate glue was injected into the carotid catheter. This resulted in the formation of a dense intraluminal coagulum which extended from the aortic valve to beyond the aorto-iliac bifurcation and arrested blood flow near instantaneously. Simultaneously, the fem oral catheter was clamped and the rat was killed with concentrated intravenous KCl.
An extensive laminectomy was immedi ately performed. Seven segments of the spinal cord were procured at vertebral levels: C3-C5, T3-T5, T7-T9, T12, T13-Ll (heated level), L2-L3 and L4-L6, which represent the vertebral levels of spinal cord corresponding to spinal cord levels C3-C5, T3-T5, T7-9, Ll-L2, L3-L6, Sl-S4 and cauda equina, respect ively. These samples were solubilized for 48 to 72 hours and their radioactivity deter mined by scintillation spectrophotometry. Regional spinal cord blood flow was cal culated using the equation:
Ft is regional blood flow (ml min-1 100 g-1) Fa is rate of external hemorrhage (ml min-1 )
Qt is indicator content in the tissue
Qa is indicator content in the arterial blood (cpm g-1) Mt is sample weight (g).
The theoretical basis and validation of this methodology and the derivation of this equation from the Fick principle is given in detail in previous publications. 14 . 1 5 These rats were killed by pentobarbital overdose. An extensive laminectomy was performed immediately. Seven segments of the spinal cord were procured at the same levels as those obtained for the RSCBF measurement. These samples were weighed immediately (wet weight), then oven-dried to constant weight for at least 24 hours. Water content (WC) was calculated from the formula % WC = (wet weight -dry weight)/wet weight 100.
Measurements of spinal cord water content
Clinical neurological function
Assessment of the functional status of the hind limbs and tail was carried out by an experienced observer blinded to the treat ment proposed or in progress at 2 hours after injury, prior to initiating treatment in all rats and also immediately before the performance of physiological measurements at either 6 or 24 hours after injury.
This assessment consisted of (1) a neuro logical assessment score (NIS), modified slightly from LeMay et al and outlined in (Table II) . Scores from each hind limb were recorded separately. The two scoring systems were used with the aim of minimizing the appreciable inherent error in evaluating neurological function in experimental animals.
Physiological variables
Body weight, rectal temperature and pento barbital anesthetic times were recorded. Measurements of RSCBF were immediately preceded by determinations of the MAP and of arterial blood Pa0 2 , PaC0 2 and pH.
Data analysis
All data are given as the mean and standard error of the mean. Parametric data were analyzed on the Washington University main frame computer by analysis of vari ance followed by the use of statistical contrasts. The nonparametric data resulting from the neurological scoring systems des cribed were analyzed using the Wilcoxon 
Results
Spinal cord water content (Table III, Fig 1) Two hours after injury, cord water content was unchanged at all levels compared to the uninjured controls. By 6 hours after injury, the water content of the heated L3-L6 segment was increased compared to uninjured control in both the treated and untreated rats, but water con tent did not differ in treated vs untreated rats. In the LI-L2 cord segment adjacent cephalad to the heated one, water content was increased compared to the uninjured controls in the treated rats but not in the untreated ones.
Twenty-four hours after injury there was still no difference in water content in treated vs untreated rats in the heated L3-L6 segment, although in both groups the water content of this segment was more than that of the uninjured controls. In both groups, edema was now also evident in the adjacent Ll-L2 segments and was similar in amount. There was a smaller, also equivalent in crease in water content in the T3-T5 seg ment of both the treated and untreated rats.
Regional blood flow (Table IV, Figs 1,2)
By 2 hours after injury, RSCBF was elev ated in untreated group 2 rats compared to uninjured control by from 24 to 35% at all cord levels, excepting only the cauda equina. Although pentobarbital anesthesia depresses RSCBF, 4 this elevation was pres ent despite the brief duration of anesthesia in this group. By 6 hours after injury, RSCBF had returned to normal at all levels in untreated rats except at the heated L3-L6 segment, where it remained elevated at a value nearly identical to that present at 2 hours. In treated rats, however, RSCBF was no dif ferent from that in the uninjured controls either in the heated L3-L6 segment or in all the other segments cephalad to it. In the Sl-S4 segment of the treated rats, RSCBF was depressed compared to that in the uninjured controls.
By 24 hours after injury, RSCBF in treated rats was lower than in the untreated rats at all levels of the cord. In the heated L3-L6 segment, RSCBF at 24 hours in treated rats was normal compared to unin jured control, but was less than that in untreated rats. Regional spinal cord blood flow was less than that of the uninjured controls in both the Ll-L2 and Sl-S4 segments adjacent to the heated one and in Experimental spinal cord injury 423 the C3-C5 segment. In the untreated rats, RSCBF was elevated compared to un injured control at all unheated cord levels, the difference reaching significance only at C3-C5, T3-T5, T7-T9 and in the cauda equina.
Neurological function (Table V) The uninjured controls had normal neuro logical function. At 2 hours following injury, both the NIS and the CCBS were clearly abnormal in the group 2 rats. There were no intragroup differences using either scoring system or when the scores from each of the hind limbs were compared separately. At 6 hours, there were no intergroup differences, nor was there a difference from the 2-hour scores in either the treated or untreated rats. At 24 hours, however, deterioration of function was present in both treated and untreated rats, but, as at 6 hours, there were no differences between groups.
Physiological variables (Table VI) In the untreated rats at 24 hours (group 5), MAP was lower than in treated rats (group 6). The duration of pentobarbital anesthesia was less in the untreated group 2 rats than in the other groups. Otherwise, there were no intergroup differences that were judged to be of physiological significance.
Discussion
There is no ideal experimental model of spinal cord trauma. The clinical spectrum of cord injury is in itself diverse. 4 Much spinal cord trauma research is based on the con cept, backed by considerable experimental evidence, that the ultimate functional status is importantly influenced by secondary phenomena that may occur simultaneously or sequentially during minutes, hours or days after injury. The improvement in neurological function documented in the clinical trial of MP treatment already al luded to supports that concept and provides as well another important reason to investig ate the mechanisms of MP action in the posttraumaic period.
One of the most widely held concepts and one supported by considerable evidence is that spinal cord ischemia contributes importantly to the damage caused by trauma, noting in this regard the important distinction between ischemia, which con notes tissue metabolic impairment, and mere hypoperfusion.1 7 -2o A partial list of other secondary phenomena in addition to ischemia includes the generation of eicos anoids,21. 2 2 free radicals, 1 the induction of lipid peroxidation 2 3 and intracellular ionic perturbations. 2 The time course, relative importance and the interactions among these factors, which are potentially amen able to therapy, are presently largely un known or at best incompletely understood. The mechanism of injury in the present model is clearly dissimilar to that usually occurring clinically, excepting perhaps in high voltage electrical injury. This model also differs in several significant aspects from those most often used previously, namely impact or compression, but it is not associated with spinal shock or respiratory dysfunction and avoids mechanical disrup tion or occlusion of large blood vessels and neural structures. Also, major changes in MAP do not occur during or immediately following injury with the time-temperature coefficient used here. There is consensus that the tissue injury resulting from the passage of radiofre quency current is the result of the heat generated. 24 bCorrected combined behavioral score.
CMethylprednisolone. 1 = P < 0.01 vs 2 hours after injury.
oxidative injury in the model described here, but the probability seems virtually certain, considering the numerous reports that have appeared supporting a role for oxidative injury after thermal burns, only some of which are cited in this report. 27 -29 After contusive cord injury, tissue levels of the lipid peroxidation end-product mal ondialdehyde increase and cholesterol oxi dation products appear; there are decreased levels of antioxidants such as ct'-tocopherol and reduced ascorbate.7 Following burns, local and circulatory levels of malondialde hyde also increase and antioxidant therapy with allopurinol or ascorbic acid reduces local edema formation.
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In the present experiments, MP had no perceptible effect on the rate of early edema formation, either in the heated cord seg ment where edema was greatest or in any of the other cord segments examined. This finding agrees with one carefully controlled study in an impact injury model in which administration of glucocorticoid before or after injury did not reduce edema forma tion.s It is important to note, however, that despite the absence of an effect of cortico- steroid treatment in either reducing cord edema or the rate at which it resolved, there was significantly more functional recovery observed in steriod-treated subjects during the 6 day follow up period. 5.6 Treatment with MP had a definite effect on RSCBF, however, which was evident both at the injury site and elsewhere in the cord. Specifically, MP eliminated the 30% increase in RSCBF in the heated segment that was present after 6 hours in untreated rats and was also present 2 hours after injury, prior to the initiation of treatment. Further, by 24 hours, although RSCBF in the heated L3-L6 segment was at the preinjury level in both the treated and untreated groups, RSCBF in the treated group was lower than that in untreated rats in that segment. In other words, RSCBF in the heated segment of treated rats was invariably less than that in the untreated rats and was never different from that in unin jured controls. Also, the tendency toward elevation of RSCBF in uninjured cord seg ments after 24 hours was not observed in the treated rats, in which RSCBF was less than that in the untreated rats at all levels and was lower than in the uninjured controls in the C3-C5, Ll-L2 and Sl-S4 segments. These data tend to confirm prior experi mental evidence, obtained mainly from im pact or compression models and using other methods of measuring RSCBF, indicating that high dose MP as used here affects RSCBF following injury.2.3o When injury was severe in those models (as it was here, as evidenced by the 24-hour neurological scores) MP was found to blunt or prevent an early fall in RSCBF.2 In the present model, however, RSCBF was elevated at 2 and 6 hours after injury in the injured segment of the untreated rats and there was an ap parent biphasic elevation in flow at 2 and 24 hours in most of the other, unheated seg ments.
In untreated rats, the directional changes in RSCBF were not necessarily similar in heated and uninjured segments. At 2 hours, RSCBF was elevated vs uninjured control by from 24 to 35% at all cord levels cephalad to and including the heated site, but was depressed at Sl-S4 and unchanged in cauda equina. At 6 hours, RSCBF in the heated segment of untreated rats was still elevated by about 30%, but flow in all remaining cord segments was then the same as in the uninjured controls. At 24 hours, RSCBF in all uninjured cord segments was elevated, while flow in the heated segment did not differ from uninjured control. The elevated flow in uninjured segments was present despite a MAP of 65 mmHg, well below the autoregulatory range in normal rat spinal cord. 14 The present experiments provide no ex planation as to the mechanism by which MP affects RSCBF after injury. The dose used greatly exceeds that necessary to activate corticosteroid receptors.3, 9 During the brief 24-hour duration of these experiments, there was (not surprisingly) no evidence that MP favorably affected neurological func tion, which had deteriorated equivalently in both treated and untreated rats between the second and twenty-fourth hours following injury. (In the clinical trial of MP, the functional assessments that documented improvement were first performed 6 weeks following injury.) 3 Our previous experience using a minor variation of the present experimental model suggests that the injury is such that spontan eous improvement of function would be anticipated after approximately 4 weeks. 31 Serial histological studies by others of spinal cords thermally injured somewhat more severely than in the present experiments (time-temperature coefficient 48°C x 60 minutes) have shown reconstitution of myelin sheaths and resolution of edema beginning at about 2 weeks after injury. 32 These histologic findings are consistent with the clinical evidence of recovery that we observed previously at 1 month.
Whether the early changes in RSCBF attributable to MP therapy documented here have functional significance in the long term is presently unknown. Early edema accumulation in the spinal cord was not altered by MP treatment in this model. These experiments provide added support for the concept that high dose MP can affect RSCBF early after cord injury. Whether this effect is direct or indirect or whether it may be merely an epiphenomenon remains to be determined.
